KBaPO 4 -recently reported to hydrate in steam at 80°C into a novel low-temperature protonic conductor -was synthesized by a solid state reaction and its electrical properties characterized by impedance spectroscopy. At high temperatures the conductivity of KBaPO 4 was low (order of 10 -6 S/cm at 600°C) and not significantly different in dry and wet atmospheres, suggesting that KBaPO 4 does not take up and conduct protons to any significant extent under these conditions. It was also independent of oxygen partial pressure and increased by acceptor doping (K excess), suggesting that the transport is ionic and by an effectively positive charge carrying defect. Impedance spectroscopy displayed significant grain boundary series resistance, and the bulk and grain boundaries displayed activation energies of approximately 110 and 120 kJ/mol, respectively. At lower temperatures, the conductivity increased, typical of transport in adsorbed water in a porous sample. Exposure of 
Introduction
In the continuous efforts to identify novel solid-state electrolytes for electrochemical energy conversion under ambient or moderately elevated temperatures, protonic conduction is 2 explored in many materials. These may contain protons inherently, e.g. solid acids like CsHSO 4 [1] which become proton conducting through order-disorder phase transitions, or they have protons introduced as defects by hydration from ambient water vapour, e.g. Ydoped BaZrO 3 [2] and Ca-doped LaPO 4 [3] and many more acceptor-doped oxides and oxyacid salts.
Recently, Goodenough and Singh reported briefly -as part of a review paper [4] -their finding that KBaPO 4 (which they refer to as BaKPO 4 ) takes up water and becomes amorphous in steam at 80°C, whereafter it exhibits what they suggest is protonic conduction in the temperature range around and below this temperature. We have attempted to reproduce these results and to add to the understanding of the processes behind the observed conduction, by synthesis of KBaPO 4 , fabrication of disk samples with Pt paste electrodes, impedance spectroscopy at different water vapour and oxygen activities, hydration in steam, and characterization with scanning electron microscopy (SEM) and X-ray diffraction (XRD).
Follow-up conductivity measurements on 1% acceptor-doped (K excess) KBaPO 4 and on decomposition products were also made to shed further light on conductivity mechanisms.
Experimental
KBaPO 4 was synthesized from KH 2 PO 4 (>99.5%, Merck) and BaCO 3 (99.98%, Sigma Aldrich) in a 1:1 molar ratio. The reagents were mixed and ball milled (Retsch PM100, agate vial and balls; 33.6 g balls for 2.5 g powder, rpm of 250) in isopropanol for 1 h. The mixture was subsequently dried in a beaker at 110°C and then calcined in an alumina crucible at 1000°C for 6 h. The resulting product was analysed by XRD (MiniFlex 600 BenchTop XRD, Rigaku, radiation CuK α1 and CuK α2 ,  = 1.5406 and 1.5444Å, flat plate geometry, 2 range from 10° to 90°, 2 = 0.1°)), showing single-phase KBaPO 4 , isostructural with -K 2 SO 4 with an orthorhombic space group Pmcn. [5] An acceptor-doped sample with 1 mol% K excess was made by replacing 1 mol% BaCO 3 with 0.5 mol% K 2 CO 3 ; this maintains phosphate stoichiometry and nominally yields charge compensation by oxygen vacancies, in phosphates commonly in the form of diphosphate ion defects. [6] The resulting powder was mortared and uniaxially pressed at approximately 150 MPa into disks in a 13 mm steel die. These were sintered at 950°C for 8 h, yielding samples with a final diameter of 12.7 mm and thickness of 2.9 mm and a relative density of typically around 73% 3 on the basis of the weight, dimensions, and theoretical density from structural data. [ Specific conductivities were calculated on basis of the electrode area, sample thickness, and relative density (the latter by a factor of close to 2).
KBaPO 4 samples were subjected to steam at around 80°C (pH 2 O~0.47 atm), corresponding to the treatment described by Goodenough and Singh. [4] This was done ex situ by hanging a sample right over water held at 80°C. It was also done in situ during electrical measurements by heating the entire setup and tubing to approximately 82°C (to avoid condensation) and flowing air through a water bubble flask placed in a heated circulating bath set at 80°C. The samples exposed to these treatments were characterised electrically, and by XRD, SEM (Quanta 200 FEG-ESEM, FEI), and X-ray energy-dispersive spectroscopy (EDS, EDAX Pegasus 2200) in the SEM.
Results & Discussion Electrical Measurements on KBaPO4
Before steam-treatment of the sample, initial electrical measurements were conducted on the sintered KBaPO 4 sample with Pt electrodes. Figure 1a shows a typical impedance spectrum for temperatures above 300°C. The spectra display two semicircles and could be fitted to a model of two series connected impedances attributable to grain interiors (measured and specific geometry-corrected equivalent capacitances of approximately 20 pF and 6 pF/cm, respectively) and grain boundaries (measured capacitances of approximately 150 pF). At these temperatures there were no significant differences in conductivities between dry and humidified atmospheres neither for the grain interior nor grain boundary contributions. Figure 2 shows the logarithm of the obtained conductivities calculated using the macroscopic sample thickness and electrode area versus inverse absolute temperature. Above 300°C, the conductivity attributed to grain interior and grain boundaries have activation energies (from analysis of ln(σT) versus 1/T) of around 110 kJ/mol and 120 kJ/mol, respectively. The slightly higher activation energy of the grain boundary conductance is commonly observed for materials in which the grain boundary resistance stems from depletion of charge carriers in a space charge region adjacent to a net charged grain boundary core. [7, 8] The absence of a significant effect of humidity suggests that there is no significant protonic conductivity in
We measured the conductivity of KBaPO 4 above 300°C in gases with varying partial pressures of oxygen. There was no significant effect (results consequently not plotted) taken to mean that there is no redox-chemistry involved, that there are insignificant concentrations of electronic charge carriers (electrons and holes), and that the conductivity is largely ionic.
In order to obtain further information of the ionic conductivity mechanism, we measured the conductivity of a sample acceptor-doped with 1 mol% excess K nominally charge compensated by oxygen vacancies, likely in the form of diphosphate ion defects [6] . This sample showed a higher conductivity and lower activation energy (results not shown here), still without effect of humidity. As a rule of thumb, increased transport by a lower valent substituent means that the charge carrying charge compensating defect is positive, like oxygen vacancies. The lower activation energy may then reflect a constant charge carrier concentration resulting from the doping. However, oxide ions are covalently bonded in KBaPO 4 and not expected to be mobile. Hence an alternative ionic charge carrier may be effectively positive interstitial K + ions.
Below 300°C, the conductivity became immeasurably small, Figure 2 . Below 150°C, the conductivity in wet atmosphere became measurable and increased with further decreasing temperatures, a behaviour typical of conduction in physisorbed water in porous ceramic samples. [9, 10] Figure 1b shows an impedance spectrum taken at 40°C in humidified air. It has similar shape as spectra collected above 300°C and to a first approximation with similar capacitances. We may hence again attribute the two contributions to volume transport (now in the adsorbed water layer) and transport across grain boundaries. It has been suggested (for another porous ceramic material) that the resistance to transport in adsorbed water across the grain boundaries intersecting the surfaces may stem from space charge from the charged grain boundary penetrating the water layer. The steamed sample was split in two. One half was subjected to another treatment with steam at 80°C, now for 48 h, whereby it was completely converted to Ba 3 (PO 4 ) 2 ( Figure 6 ). The pH of the water underneath the sample was checked, showing a strongly basic reaction, confirming that the basic salt K 3 PO 4 pours out dissolved in its hydrate water.
The other half of the steamed sample was submerged in purified water at room temperature for 48 h, and also here the decomposition proceeded deeper into the sample, although not as completely as in gaseous steam, see Figure 7 .
The KBaPO 4 sample that gave rise to the results in Figures 1 and 2 
was installed in a heated
ProboStat measurement cell and the base unit was heated to 82°C to allow in situ electrical conductivity measurements during exposure to steam at 80°C, corresponding to a water vapour pressure of 0.47 atm. Figure 8 shows the results of continuous measurements of AC conductivity at 1 kHz while the cell was repeatedly fed with high water vapour pressure by heating the humidifier to 80°C, followed by cooling the humidifier to room temperature (RT).
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During steaming, the conductivity is high, and increasing. We take this to reflect the decomposition into liquid hydrated K 3 PO 4 . By reverting to normal humidity levels by cooling the water bath to room temperature, the conductivity drops, and we consider this to reflect that By this we may understand how and where the K 3 PO 4 component goes -it takes up water and melts in the process of decomposition, gets absorbed into the remaining porous sample and eventually sips out of it as the decomposition completes.
The decomposition is not instantaneous -it requires rearrangement of the ions to form the new structure, leaching out of K + , and a supply of considerable amounts of water, and hence takes place from the external surface and inward -even if the sample is porous and one might expect reaction on all internal surfaces. This may be due to the high concentration of K inside and high concentration of water outside: These have to interdiffuse through the pores, which takes some time, especially at lower temperature (RT).
The in situ conductivity measurement during steaming suggests that some of the liquid decomposition product remains inside the porous sample. The high conductivity under these conditions observed by us and even higher conductivity reported by Goodenough and 
Conclusions
The conductivity of a porous sample of polycrystalline KBaPO 4 has been measured by impedance spectroscopy in wet and dry atmospheres, displaying a modest conductivity with activation energies of around 110 kJ/mol at 300-700°C. This exhibits two time constants in impedance spectra, suggesting contributions from bulk and grain boundaries to the overall impedance. The conductivity is not significantly different in wet and dry atmospheres, suggesting that proton uptake and conductivity is not prominent. The conductivity is furthermore independent of oxygen partial pressure and increases with acceptor doping by K excess, showing that it is ionic in nature and indicating an effectively positive charge carrying defect.
Below 300°C the conductivity in dry atmospheres goes immeasurably low, while the conductivity in wet atmospheres starts to increase with decreasing temperature below 150°C. This is typical of conduction in physisorbed water on the inner surfaces of the porous sample. 
